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Photon management via submicron and subwavelength nanostructures has been 
extensively studied over the last decade, and has become one of the most important 
approaches of boosting the energy conversion efficiency for thin-film photovoltaic 
devices. The incorporation of low dimensional nanostructures, such as GaAs/InGaAs 
quantum wells, into typical GaAs single-junction cells will extend the cell absorption 
further into the sub-GaAs bandgap region but usually results in reduced cell open-circuit 
voltage. As a consequence, various bandgap engineering techniques for improving the 
energy conversion efficiency for quantum well solar cells have been reported. This 
dissertation will describe studies of light trapping in multiple GaAs/InGaAs quantum 
well solar cells via nanostructured front side dielectric coating and back side 
metal/dielectric contacts, photovoltaic performance enhancement for bulk and flexible 
thin-film GaAs solar cells through subwavelength nanostructured antireflection coating, 
and bandgap engineering techniques for GaAs/InGaAs multiple quantum well solar cells.  
 In the study of nanostructured dielectric antireflection coatings, a 5.8% increase in 
short-circuit current density is observed for the GaAs/In0.3Ga0.7As multiple quantum well 
 viii 
cell coated with TiO2 nanostructured coating compared to the cell coated with 
conventional Si3N4 single-layer antireflection coating even in the presence of high 
surface recombination. Numerical simulation shows that as high as 13% increase in 
short-circuit current density can be achieved without surface recombination. In the study 
of GaAs/In0.3Ga0.7As multiple quantum well solar cells integrated with nanostructured 
back side metal/dielectric contacts, as high as 2.9% per quantum well external quantum 
efficiency is achieved, significantly surpassing the 1% per quantum well external 
quantum efficiency typically observed in quantum well solar cells. In both studies, two 
major mechanisms contributing to the increased longer wavelength quantum well 
absorption have been elucidated: Fabry-Perot resonances and scattering into guided 
optical modes.  
 In application of subwavelength-scale optical nanostructures on bulk and flexible 
epitaxial lift-off GaAs solar cells for broadband, omnidirectional improvement of 
photovoltaic performance, 1.1× increase in short-circuit current density is observed for 
the bulk GaAs cell fully integrated with optical nanostructures compared to the 
unpatterned cell (1.09× increase in short-circuit current density for flexible epitaxial lift-
off GaAs cell) at normal incidence, while 1.67× increase in short-circuit current density is 
observed (1.52× increase in short-circuit current density is observed for flexible epitaxial 
lift-off GaAs cell) at 80
o
 angle of incidence.  
 In the study of bandgap engineering strategies for improving the photovoltaic 
performance for GaAs/InGaAs multiple quantum well solar cells, a quantum well solar 
cell with graded quantum well depths, which has an average 18% indium concentration in 
quantum wells, is shown to yield improvements in both open-circuit voltage and short-
 ix 
circuit current density compared to a GaAs/In0.18Ga0.82As quantum well solar cell with 
constant quantum well depths across the intrinsic region. The results of this study suggest 
that such an approach can also be implemented in quantum well solar cells with more 
complex quantum well structures, such as ternary or quaternary quantum wells, where the 
conduction and valence band offsets of each quantum well can be simultaneously 
engineered.  
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Chapter 1: Introduction 
 III/V solar cells play an indispensable role in photovoltaic energy harvesting for 
space applications, and are promising candidates for concentrating and next-generation 
photovoltaics in terrestrial settings. [1-5] Furthermore, because of recent advances in 
epitaxial-lift off techniques, which substantially reduce the cost of producing III/V thin-
film solar cells by enabling substrate reuse after separating thin-film device layers from 
their growth substrates, [6-8] there is a growing interest in mechanically flexible, light-
weight, high-efficiency III/V solar cells for electricity generation strategies such as 
concentrated photovoltaic (CPV) systems [9] and high-efficiency mobile solar devices. 
[10]  
 The reduction in absorbing layer thickness achievable with epitaxial lift-off and 
similar techniques can, however, result in a reduction in optical absorption efficiency, 
particularly at longer wavelengths.  Light trapping techniques in thin-film solar cells via 
light scattering by nanostructured rear contacts, [11, 12] subwavelength-scale 
nanoparticles, [13, 14] and surface texturing [15, 16]  have been demonstrated to be 
promising and highly effective for improving a solar cell’s optical absorption efficiency, 
and therefore the short-circuit current density, as well as the open-circuit voltage through 
photon recycling effects. [55, 56] For example, we have demonstrated that light trapping 
techniques can be powerful approaches for increasing the long-wavelength absorption in 
thin-film quantum well solar cells, [17, 18] where optical absorption in the quantum well 
region is relatively low and can be increased only to a limited degree by increasing the 
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number of quantum wells in the device due to limitations in growth techniques and 
challenges in extraction of photo-generated carriers. 
 Reduction in optical absorption efficiency can also occur due to Fresnel reflection, 
particularly at large incident angles, and reflection losses can act as a major obstacle for 
achieving high efficiency photovoltaic systems. [19-21] Conventional planar multilayer 
thin-film antireflection coatings are only able to provide excellent antireflection 
performance under limited ranges of incident angles and wavelengths, [22] and the 
choice of thin-film materials with different refractive indices is limited by the range of 
materials that exist in nature, although certain nanostructured composites can provide a 
wider range of refractive indices. [23] Alternative approaches involve employing 
subwavelength nanostructures fabricated on substrates of either high [24, 25] or low [26, 
27] refractive indices, which are able to show improved antireflection performance over 
larger ranges of incident angles and wavelengths by providing a graded refractive index 
profile between the incident medium and the substrate material.  
 Compared to conventional GaAs pn junction solar cells, higher cell efficiency can 
also be potentially achieved by insertion of low-dimensional structures, such as quantum 
wells, into the intrinsic region of a GaAs p-i-n solar cell, which can increase the short-
circuit current density (Jsc) by extending the optical absorption wavelength into the sub-
GaAs bandgap region. [28-32] However, such approaches are usually accompanied by a 
substantial reduction in the cell’s open-circuit voltage, potentially due to lattice mismatch 
and associated defect formation, [33, 34] and due to reduced carrier extraction efficiency 
since quantum wells can also function as recombination centers for photo-generated 
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carriers. [35-37] Strain balance techniques [38, 39] and band-edge energy profile 
engineering strategies [40] have been employed to address these issues.  
 In this dissertation, numerical simulation and experimental demonstration of front 
and back-side light trapping structures, subwavelength antireflection nanostructures, and 
bandgap engineering techniques for III/V thin-film solar cells are described. With these 
light trapping structures, quantum well absorption can be greatly enhanced by coupling 
incident light, particularly at long-wavelengths, into optical guided modes and Fabry-
Perot resonance modes within the semiconductor absorbing region.  Measurements show 
that within the long-wavelength range for which absorption occurs only in the quantum 
wells, as high as 3% external quantum efficiency per quantum well can be achieved with 
light trapping structures in quantum well solar cells, significantly exceeding the 1% 
external quantum efficiency per quantum well typically observed. Second, the design, 
fabrication and optimization of a low cost, large-area, flexible subwavelength 
antireflection structure for polymer-packaged bulk and flexible epitaxial lift-off GaAs 
solar cells are demonstrated. Such an integrated antireflection structure is able to provide 
excellent broadband, omnidirectional antireflection performance, which is demonstrated 
to be a promising candidate for applications in highly compact, portable and wearable 
photovoltaic energy harvesting. Finally, this dissertation includes our study on engineered 
graded GaAs/InGaAs quantum well solar cells. It is shown that the GaAs/InGaAs 
quantum well solar cell with graded quantum well depths is able to achieve a 
substantially improved open-circuit voltage compared to a conventional quantum well 
solar cell with the same average quantum well composition while maintaining sufficient 
quantum well absorption in the longer wavelength range. 
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Chapter 2: Light Trapping in Thin-Film Quantum Well Solar Cells via 
Subwavelength Dielectric/Metal Nanostructures 
2.1 MOTIVATION 
Thin-film solar cells have been widely deployed in various photovoltaic 
applications because of several favorable attributes, which can include high structural 
flexibility, lower weight, and reduced material use. However, due to the significantly 
thinner cell thickness, optical absorption efficiency for thin-film solar cells can be low. 
The exploitation of metal and dielectric nanostructures for inducing light trapping has 
become one of the most efficient measures of increasing the optical absorption efficiency 
for thin-film solar cells and compensating the reduced material usage for thin-film solar 
cells. 
Light trapping in thin-film solar cells via engineered metal and dielectric 
nanostructures has emerged as a highly promising and effective approach of improving 
the cell optical absorption efficiency. For typical GaAs pin junction solar cells, the 
absorption of sunlight energy can be extended into the sub-GaAs bandgap region by 
insertion of low dimensional nanostructures (GaAs/InGaAs quantum wells (QWs) in this 
dissertation) into the intrinsic region of GaAs solar cells. Figure 2.1 shows the optical 
absorption ranges of GaAs and GaAs/In0.3Ga0.7As QWs in standard solar irradiance 
spectra (AM0, AM1.5D, and AM1.5G). It is observed that GaAs cell typically absorbs 
photons with wavelengths shorter than ~900nm, whilst the GaAs/In0.3Ga0.7As QW cell is 
able to collect photons with wavelengths longer than 900nm. However, as the optical 
absorption efficiency in the QW region is usually low and can be increased only to a 
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limited degree by increasing the number of QWs, measures need to be taken to further 
improve the QW optical absorption efficiency.  
   
 
Figure 2.1. Standard solar irradiance spectra with GaAs and GaAs/In0.3Ga0.7As quantum 
well absorption ranges schematically illustrated in grey and yellow boxes. 
 
 
 
2.2 FRONT SIDE NANOSTRUCTURED ANTIREFLECTION COATINGS 
 In section 2.2, we discuss the numerical simulation, fabrication and measurement 
results for a TiO2 nanostructured antireflection coating (ARC). Both simulation and 
measurement results show that the TiO2 nanostructured ARC is able to provide an 
improved antireflection performance compared to a conventional single-layer silicon 
nitride thin-film ARC. Simulations reveal the physical mechanisms of the origin of 
photocurrent response enhancement at wavelengths longer than the GaAs bandgap, and 
agree well with experimental measurement results. From the simulated external quantum 
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efficiency (E.Q.E.) under different incident angles, we predict that the TiO2 
nanostructured ARC is able to achieve substantial increases in the longer-wavelength 
photocurrent response at oblique incident conditions due to the improved coupling to 
optical guided modes for off-normal incidence conditions, which could find promising 
photovoltaic applications where light is expected to be incident on the device surface 
over a wide range of incident angles.  
2.2.1 The concept of light trapping 
 In order to meet the growing global photovoltaic demand, efforts have been made 
to further increase the efficiency while reducing the cost of photovoltaic cells. One of the 
approaches that have recently emerged for reducing the cell cost is by employing thin-
film solar cells separated from their epitaxial growth substrate, which can then be re-used, 
via various strategies such as the epitaxial-lift off technique. At the same time, thin-film 
solar cells possess other advantages such as light weight, structural flexibility, and ease of 
integration with different photovoltaic setups. [41, 42] However, as the cell thickness 
becomes thinner, light absorption in solar cells is reduced, particularly at longer 
wavelengths. As a consequence, in order to help fulfill today’s global demand for 
photovoltaic energy generation, people adopt light trapping technology, which is an 
effective method for overcoming the problem of insufficient optical absorption in thin-
film solar cells.  
 The basic idea for light trapping is to create additional micro- [43] or nano-scale 
structures [44] on the front or back surface of the thin-film solar cell which manipulate 
the direction of the incident light such that the optical path length of the incident light 
inside the thin-film solar cell device layer can be substantially increased, e.g. using 
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periodic photonic structures to couple the incident light into optical guided modes, 
leading to increased optical absorption. Figure 2.2 shows a schematic diagram of a thin-
film cell device integrated with backscattering nanostructures such that the incident light 
can be coupled into different optical waveguide modes inside the device layer.  
 
Figure 2.2. Schematic diagram of a backscattering nanostructure implemented in the 
thin-film photovoltaic device. Incident light is scattered into optical waveguide modes, 
labeled k1 and k2 in the figure. [45] 
 
2.2.2 Sample growth and fabrication process 
 Samples for these studies were grown by solid-source molecular beam epitaxy 
(MBE) on GaAs (001) n-type substrates with the structure shown schematically in Figure 
2.3(a). A 300nm n-type (n ~ 2.5×10
18
cm
-3
) Al0.85Ga0.15As sacrificial layer was grown 
initially, followed by a 200nm n-type (n ~ 2.0×10
18
cm
-3
) GaAs emitter layer. The 
undoped intrinsic region was grown afterwards, and consisted of three 4nm In0.3Ga0.7As 
quantum wells (QWs) separated by 17nm GaAs barriers with 21nm GaAs spacer layers 
grown above and below the QW region. Growth of a 1500nm p-type (p ~ 5.0×10
18
cm
-3
) 
GaAs base layer and a finally a 20nm p
+
 (p ~ 5.0×10
19
cm
-3
) GaAs contact layer finished 
the epitaxial layer structure. Throughout each growth, the temperature was kept above 
500 
o
C.  
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Figure 2.3. (a) Schematic diagram of epitaxial layer structures for the GaAs/In0.3Ga0.7As 
QW solar cell structure. (b)-(d) Schematic diagrams of final QW solar cell device 
structures fabricated without ARC layer (b), with silicon nitride thin-film ARC (c), and 
with nanostructured TiO2 ARC (d). 
  
 Completed device structures labeled in Figure 2.3 (b)-(d) were fabricated through 
a flip-bond process, and followed by a substrate removal process as shown in Figure 
2.5(a). 10nm Cr/100nm Au/1200nm In metallization and 10nm Ti/800nm Au 
metallization were deposited onto the p
+
 GaAs contact layer surface and the silicon 
substrate, respectively. Then, the metallized two surfaces were pressed together using a 
home-made wafer-bonding apparatus, as shown in Figure 2.4, at 180
o
C for 20min. After 
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the bonding process, with the cell edges covered with black wax to prevent lateral etching, 
the substrate was removed by wet etching in NH4OH:H2O2 (1:19) followed by 50% citric 
acid: H2O2 (4:1)， [46] with the etching solution composition chosen to maximize the 
etching rate of the GaAs substrate and the selectivity between the Al0.85Ga0.15As 
sacrificial layer and semiconductor device layers, respectively. After the substrate 
removal process, the Al0.85Ga0.15As sacrificial layer was removed using 10% diluted 
hydrofluoric acid. Finally, 1mm × 1mm device mesas were completed by photo 
lithography patterning, followed by wet etching in NH4OH:H2O2 (1:19).  
 For devices with a conventional single-layer thin-film ARC, 76nm silicon nitride 
was deposited onto the device surface using e-beam evaporation, and the top n-type 
contact layer was created by e-beam evaporation of 25nm AuGe/10nm Ni/100nm Au. For  
 
 
Figure 2.4. A photograph of the home-made wafer-bonding apparatus.  
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Figure 2.5. (a) Process flow for fabrication of thin-film solar cell devices with either 
single layer silicon nitride ARC or nanostructured TiO2 ARC. (b) Scanning electron 
microscopy (SEM) images of nanostructured TiO2 ARC on GaAs surface.  
 
devices with a nanostructured TiO2 ARC, 500nm diameter polystyrene spheres were 
deposited onto the SiO2 surface using a Langmuir-Blodgett process, [47] forming a 
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monolayer hexagonal array sphere mask. Then 250nm TiO2 was deposited using e-beam 
evaporation followed by a lift-off process consisting of sonication in toluene solution for 
3s. The n-type metallic contact deposition process was the same as discussed above. The 
resulting TiO2 nanostructured ARC can be seen in the SEM images as shown in Figure 
2.5(b). 
 
2.2.3 Fabry-Perot resonances and optical guided modes  
 Figure 2.6(a) shows the current-voltage characteristics measured under AM1.5G 
1-sun illumination for devices with no ARC (grey), with a conventional single-layer 
silicon nitride thin-film ARC (red), and with a nanostructured TiO2 ARC (blue), 
respectively. The nanostructured TiO2 ARC yields the highest short-circuit current 
density, Jsc ~ 14.62mA/cm
2
, compared to the conventional single-layer silicon nitride 
ARC (Jsc ~ 13.82mA/cm
2
) and the reference device without an ARC (Jsc ~ 9.52mA/cm
2
). 
The superior antireflection performance of the nanostructured TiO2 ARC compared to the 
conventional single-layer silicon nitride ARC is attributed to the “nanopyramid” shape of 
TiO2 nanostructures, which leads to a gradual change in the effective refractive index 
from the incident medium (air) to the GaAs surface. Approaches of employing structures 
that have a “graded” refractive index profile to achieve antireflection performance over a 
broad range of wavelengths have been extensively studied. [48-50] In this study, we 
focus on the light trapping property of nanostructured TiO2 ARC which couples the 
incident light into optical guided modes within the solar cell device layer, leading to 
increased longer-wavelength optical absorption.  
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 The measured and numerically simulated E.Q.E. shown in Figure 2.6(b) provides 
more detailed comparison for ARCs of each type. As expected, in both simulated and 
measured results, the device with no ARC exhibits much lower E.Q.E. compared to 
devices with the single-layer silicon nitride thin-film ARC, and the nanostructured TiO2 
ARC. At wavelengths shorter than ~ 600nm, the measured E.Q.E. is substantially higher 
for the device with the nanostructured TiO2 ARC compared to the device with the single-
layer silicon nitride thin-film ARC, which is consistent with the simulation results. For 
wavelengths between ~ 600nm and ~ 820nm, both types of ARCs show similar 
antireflection performance, while at wavelengths longer than ~ 820nm, the measured and 
simulated E.Q.E. for the device with nanostructured TiO2 ARC exhibit the highest value. 
In addition, because of the fact that surface recombination is neglected in the simulation, 
we attribute the differences between the simulated and measured E.Q.E. spectra at 
wavelengths shorter than the GaAs bandgap at ~ 850nm to the nonradiative surface 
recombination velocity of ~ 10
6
cm/s, a reasonable estimation given the device surface 
dopant concentration of 2.5 × 10
18
cm
-3
. [51] At wavelengths between 700nm and 850nm, 
we observe oscillations in both simulated and measured E.Q.E. spectra, which arise from 
Fabry-Perot resonances for wavelengths at which the thin-film device layer thickness is 
shorter than the absorption depth.  
 We then focus on simulated and measured E.Q.E. spectra peaks at wavelengths 
longer than ~ 900nm, where absorption occurs primarily in the GaAs/In0.3Ga0.7As QWs. 
In this wavelength range, peaks observed for the device with no ARC and with the single-
layer silicon nitride thin-film ARC are indistinguishable. Peaks observed at wavelengths 
of 930nm, 990nm, and 1060nm in the measured spectra and at wavelengths of 920nm, 
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970nm, and 1030nm in the simulation results arise from Fabry-Perot resonances in the 
thin-film device layer. Similar behavior can be found in a previous report for studying 
light trapping in QW solar cells grown on distributed Bragg reflector multilayers. [30] 
For the device with the nanostructured TiO2 ARC, significantly different behavior is 
observed in this wavelength range. In addition to peaks observed in the simulated 
spectrum at 920nm, 970nm, and 1030nm, the same as those observed for devices with no 
ARC and with single-layer silicon nitride thin-film ARC, we also observe peaks at 
900nm, 940nm, and 990nm. In order to analyze the physical origin of these peaks, we 
simulated electric field distributions for light polarized along the y direction impinging on 
QW devices with either a single-layer silicon nitride thin-film ARC or a nanostructured 
TiO2 ARC at wavelengths of 970nm and 990nm, as shown in Figure 2.7. At 970nm, 
shown in Figure 2.7(c), the electric field in the device layer is observed to be 
predominantly along the y direction for both types of ARCs, indicating that at this 
wavelength, the peak observed in the E.Q.E. spectra is associated with a Fabry-Perot 
resonance. Similar analyses imply that simulated E.Q.E. peaks at 920nm and 1030nm for 
both devices are associated with Fabry-Perot resonances. As shown in Figure 2.7(d), at 
990nm, the simulated electric field in the device layer for the nanostructured TiO2 ARC 
is primarily polarized along the z direction, indicating that at this wavelength, the incident 
light is coupled into an optical guide mode by the nanostructured TiO2 ARC, leading to a 
large enhancement in QW absorption. Similar analyses confirm that simulated E.Q.E. 
peaks at 900nm and 940nm arise from similar coupling behavior. In the measured E.Q.E. 
spectrum for the device with the nanostructured TiO2 ARC, we observe two closely 
spaced peaks at 930nm – 950nm, which is interpreted as corresponding to a combination 
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of Fabry-Perot and optical guided mode peaks at 920nm and 940nm in the simulated 
spectrum. A similar interpretation can be applied to measured E.Q.E. peaks at 990nm and 
1070nm. In addition, compared to simulated spectra, the measured peaks are generally 
lower in amplitude but broader in width, which we attribute to differences in arising from 
fabrication-induced variations in actual devices.  
 
 
Figure 2.6. (a) Current-voltage characteristics for each device measured under AM1.5G 
1-sun illumination from a solar simulator. (b) Measurement and numerical simulation 
results of E.Q.E. for devices of each type. 
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Figure 2.7. (a) Schematic diagram of the incident field and the device geometry for 
simulations. (b)-(d) Plots of simulated electric field distributions for light incident on 
GaAs/In0.3Ga0.7As QW solar cell device with either single-layer silicon nitride thin-film 
ARC or nanostructured TiO2 ARC at wavelengths of 970nm and 990nm, with incident 
light polarized along the y direction. (b) Ey at 970nm for the device with silicon nitride; 
(c) Ey and Ez at 970nm for the device with nanostructured TiO2; (d) Ey and Ez at 990nm 
for the device with nanostructured TiO2. Scale bar for all plots is 200nm.  
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2.2.4 Broad-spectrum, wide-angle antireflection performance 
The nanostructured TiO2 antireflection coating is also expected to provide low 
surface reflectance over broad ranges of incident angles and wavelengths. Figure 2.8 
shows numerically simulated photocurrent response spectra for the QW cell with a 
conventional single-layer silicon nitride antireflection coating and the cell with a TiO2 
nanostructured antireflection coating for light incident at angles of 20
o
, 40
o
, and 60
o
, 
while the simulated photocurrent response spectra at normal incidence is shown in Figure 
2.6(b). The incident light is taken to be 45
o
-polarized, which includes s-polarized and p-
polarized components with equal amplitudes.  
It is observed that for both structures, the simulated photocurrent response 
changes little with the varying incident angle for wavelengths shorter than the GaAs band 
edge at ~850nm. For the structure with the single-layer silicon nitride antireflection 
coating, this occurs because the increased reflectance for the s-polarized component with 
increasing incident angle is cancelled by the decreased reflectance for p-polarized light as 
the incident angle approaches Brewster’s angle. For wavelengths shorter than ~600nm, 
the cell with the TiO2 nanostructured layer yields increased photocurrent response 
compared to the cell with the single-layer silicon nitride antireflection coating from 
normal to 60
o
 angle of incidence. For wavelengths between ~600nm and ~850nm, both 
structures yield similar levels of photocurrent response over the entire range of incident 
angles. For wavelengths longer than ~850nm, where photon absorption occurs primarily 
in the QW region, peaks in the photocurrent response spectrum for the cell with the 
single-layer silicon nitride antireflection coating associated with each Fabry-Perot 
resonance yield a shift to shorter wavelength and little change in magnitudes. For the cell 
 18 
with TiO2 nanostructured layer, a substantial increase in photocurrent response at 
wavelengths longer than ~850nm is observed compared to that of normal incidence due 
to the improved coupling of incident light into optical guided modes at off-normal 
incident conditions. This observation suggests that such approaches can be promising in 
photovoltaic applications where sunlight energy harvesting over a broad range of incident 
angles is desired.  
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Figure 2.8. Simulated external quantum efficiency (E.Q.E.) for device structures with 
silicon nitride thin-film antireflection coating (red) or nanostructured TiO2 antireflection 
layer (blue), as functions of wavelength and computed for incident angles polarization at 
the midpoint (45
o
) between s-polarization and p-polarization. 
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2.2.5 Conclusion  
 In conclusion, we have analyzed thin-film GaAs/In0.3Ga0.7As QW solar cells with 
a single-layer silicon nitride thin-film ARC, and with a nanostructured TiO2 ARC via 
both numerical simulations and experimental measurements. We observe that the 
nanostructured TiO2 ARC not only shows superior antireflection performance compared 
to that of conventional single-layer silicon nitride ARC, but also scatters the incident light 
into optical guided modes inside the thin-film solar cell device layer. Measurement 
results show that the thin-film QW solar cell with the nanostructured TiO2 ARC yields ~ 
5.8% increase in Jsc compared to the same device but with a conventional single-layer 
silicon nitride thin-film ARC. In addition, by examining the electric field distribution 
plots for incident light longer than ~ 900nm, where absorption primarily occurs in the 
QW region, we can elucidate each E.Q.E. peak is associated with either Fabry-Perot 
resonance or optical guided modes within the thin-film QW solar cell device layer. 
Furthermore, simulated photocurrent response spectra at off-normal incident conditions 
suggest that this approach can benefit a variety of photovoltaic systems where light 
harvesting over a broad range of incident angles is desired.  
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2.3 BACK SIDE LIGHT TRAPPING SCATTERING STRUCTURES 
 In section 2.3, we discuss the numerical simulation, fabrication, and measurement 
results of GaAs/In0.3Ga0.7As QW thin-film solar cell with nanostructured metal/dielectric 
rear contacts. We focus on analyzing the angular dependence of light trapping effects 
associated with these structures. The roles of Fabry-Perot resonances and guided optical 
modes within the thin-film device layer are numerically and experimentally analyzed at 
incident angles from 0
o
 to 30
o
, and good agreement is found between simulation and 
measurement results. We show that with the nanostructured rear contacts, E.Q.E. of 
longer wavelengths can reach as high as 2.9% per QW, significantly exceeding the ~ 1% 
per QW level which is typically observed.  
 
2.3.1 Sample growth and fabrication process 
We use the same set of samples studied in section 2.2, and detailed schematic 
diagrams of the GaAs homojunction and GaAs/In0.3Ga0.7As QW solar cell structures are 
shown in Figure 2.9. For devices with planar metallic rear contacts, we employ a similar 
“flip bond” fabrication process as discussed in section 2.1 for transferring thin-film solar 
cell devices onto pre-metallized rigid silicon substrates with details shown in Figure 
2.10(a). 10nm Cr/40nm Au/1200nm In was evaporated onto the p
+
 GaAs surface, and 
10nm Ti/800nm Au was evaporated onto the silicon substrate surface, respectively. Then, 
we used the home-made wafer-bonding apparatus shown in Figure 2.4 to press the two 
surfaces tightly together under the ambient temperature of 180
o
C for 20min. The GaAs 
substrate was removed by wet etching in NH4OH:H2O2 (1:19) followed by 50% citric 
acid:H2O2 (4:1). A photolithography process followed by wet etching in NH4OH:H2O2 
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(1:19) resulted in device mesas of 1 × 1mm
2
 and 2 × 2mm
2
. Finally, similar n-type 
AuGe/Ni/Au metallic contacts were deposited by e-beam evaporation. 
  For devices with nanostructured metal/dielectric rear contacts, prior to 
metallization on the p
+
 GaAs surface, 80nm SiO2 was deposited using e-beam 
evaporation. Then, as shown in Figure 2.10(b), 500nm diameter polystyrene spheres were 
deposited onto the SiO2 surface using a Langmuir-Blodgett process, resulting in a 
hexagonal sphere array for patterning by nanosphere lithography (NSL). An oxygen 
plasma etch was used to reduce the sphere diameter, followed by deposition of 15nm Cr, 
and a lift-off process in which the polystyrene spheres were removed in toluene solution 
under sonication, and SiO2 was reactive ion etched in a gas mixture of CF4/O2. Finally, 
10nm Cr/40nm Au/1200nm In metallization was deposited, forming the metal/dielectric 
nanostructured rear contact. The remainder of the fabrication process was the same with 
that of the thin-film solar cell device with planar metallic contacts. Figure 2.10(c) shows 
an SEM image of 500nm diameter polystyrene spheres deposited onto the SiO2 surface 
by NSL, and an atomic force micrograph of an etched hole array in SiO2 prior to 
metallization. The schematic diagrams of the resulting devices of each type are shown in 
Figure 2.11. 
  
 23 
 
 
Figure 2.9. Schematic diagrams of epitaxial layer structures for (left) GaAs 
homojunction solar cell structure, and (right) GaAs/In0.3Ga0.7As QW solar cell structure. 
Labels of active device layers, etch stop layer, and substrate buffer correspond to sample 
layers labeled in Figure 2.8. 
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Figure 2.10. (a) Process flow for key steps in the “flip-bond” layer-transfer fabrication of 
thin-film solar cell structures with a planar metallic rear contact. (b) Additional steps for 
fabrication of thin-film solar cell structures with nanostructured metal/dielectric rear 
contacts using NSL, which are incorporated into the complete fabrication process flow in 
(a) as indicated by the dashed line. (c) SEM image of a hexagonal array of 500nm 
diameter polystyrene spheres deposited using NSL (top), and atomic force microscopy 
image of etched hole array in SiO2 layer prior to metallic contact deposition (bottom). 
Scale bars are 1µm for both images. 
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Figure 2.11. Schematic diagrams of GaAs homojunction solar cell device, 
GaAs/In0.3Ga0.7As QW solar cell device with planar metallic rear contacts, and 
GaAs/In0.3Ga0.7As QW solar cell device with nanostructured metal/dielectric rear contact. 
 
 
2.3.2 Angular dependence of light trapping mechanisms 
    Figure 2.12(a) shows measured current-voltage characteristics for all three device 
types. The GaAs/In0.3Ga0.7As QW solar cell with the nanostructured metal/dielectric rear 
contact yields the highest Jsc (10.18mA/cm
2
), compared to the QW cell (9.52mA/cm
2
) 
and the homojunction cell (8.68mA/cm
2
) with planar metallic rear contacts. Figure 
2.12(b), (c) show measured and simulated E.Q.E. for devices of each type. For 
wavelengths shorter than the GaAs bandgap at ~900nm, E.Q.E. for all three device types 
are similar as expected. For wavelengths longer than ~900nm, where absorption 
primarily occurs in the QW region, specific peaks in the photocurrent response spectra 
can be observed, which are associated with either Fabry-Perot resonance or guided 
optical modes as analyzed in section 2.2. In a similar way, we analyzed the physical 
mechanisms of the photocurrent response enhancement, particularly at the longer 
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wavelength range. Shown in Figure 2.13 are simulation results of electric field 
distributions inside the device layer for y-polarized incident light at wavelengths of 
970nm and 990nm. At 970nm, electric field distributions for both device types are 
primarily along the y direction, indicating that at this wavelength, the simulated E.Q.E. 
peak in the spectrum is predominantly associated with a Fabry-Perot resonance. We 
conclude based on similar analysis that for both device types, E.Q.E. peaks at 870nm, 
920nm, and 1030nm arise from Fabry-Perot resonance. At 990nm, it is observed that the 
electric field distribution inside the device layer is predominantly along the z direction as 
shown in Figure 2.13(b), indicating that the incident light at this wavelength is strongly 
coupled into an optical guided mode inside the device layer, propagating in the direction 
orthogonal to that of the incident light. Deriving from a similar analysis we conclude that 
E.Q.E. peaks at wavelengths of 890nm and 940nm arise from strong coupling into optical 
modes. For the QW solar cell device with planar metallic rear contact, the measured 
E.Q.E. peaks located at 930nm, 990nm, and 1050nm correspond to simulated E.Q.E. 
peaks at 920nm, 970nm, and 1030nm. The shifts in E.Q.E. peak positions between 
measurement and simulation results are due to small differences in simulated and 
fabricated device structures. Through similar analysis, it is confirmed that measured 
E.Q.E. peaks at wavelengths of 930nm, 980nm, and 1040nm correspond to combinations 
of closely spaced Fabry-Perot and guided-mode peaks at 920nm-940nm, 970nm-990nm, 
and 1030nm-1050nm in the simulated E.Q.E.  
    In order to further analyze the light trapping mechanisms under oblique incident 
angle conditions, we simulated and measured E.Q.E. spectra for the QW solar cell device 
with the nanostructured rear contact under incident angles from 0
o
 to 30
o
 as shown in 
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Figure 2.14. It is observed that peaks at the longer wavelength range (> 900nm) in 
measured and simulated E.Q.E. spectra shift slightly with the increasing incident angle. 
This phenomenon can be explained by mode dispersion relations derived from Bragg 
coupling equations [44, 52] which will be discussed in more detail below.  
    Figure 2.15 shows simulated electric field distributions inside the nanostructured 
rear contact-integrated QW solar cell device layer with the incident light polarized along 
the y-direction at 10
o
 off-normal incidence for wavelengths of 960nm and 990nm (a)-(d), 
and the simulated E.Q.E. spectrum at 10
o
 off-normal incidence. From an analysis of field 
distribution plots similar to that described above, we conclude that at 960nm, the 
enhancement in the simulated E.Q.E. spectrum is predominantly associated with mode 
coupling effect; while at 990nm, the enhancement in the simulated E.Q.E. spectrum is 
predominantly associated with Fabry-Perot resonance. Similar analysis also applies to 
E.Q.E. spectra under different incident angles, which reveals the angular dependence of 
Fabry-Perot resonances and coupling to optical guided modes for the QW device with 
nanostructured rear contact. The derived angular dependences are summarized in Figure 
2.16. Good agreement is found comparing the simulated peak wavelengths with 
calculated mode dispersion. For wavelengths shorter than ~900nm, the simulated and 
measured E.Q.E. curves have little change with the increasing incident angle because the 
decrease in transmittance for TE-polarized light is cancelled by the increase in 
transmittance for TM-polarized light when approaching the Brewster’s angle. [53] For 
wavelengths longer than ~900nm, we do not observe significant degradation in E.Q.E. 
with the increasing incident angles, which can be explained by the increased number of 
allowed waveguide modes at off-normal incidence as deduced from the Bragg coupling 
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condition. Hence, our proposed light trapping strategy is demonstrated to be able to 
provide angle-robust antireflection performance, and can potentially find application in 
various photovoltaic systems, particularly in those where light impinging on the cell 
surface over a wide range of incident angles such as concentrating photovoltaics and non-
tracking solar systems. 
 
 
 
Figure 2.12. (a) Current density-voltage characteristics measured under AM1.5G 1sun 
illumination for solar cell devices of each type. (b) Measured and simulated E.Q.E. 
spectra for all three device types.   
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Figure 2.13. (a) Schematic diagram of the incident field and the device geometry. (b)-(d) 
Plots of electric field distributions simulated for the incident wavelength of 970mn and 
990nm for GaAs/In0.3Ga0.7As QW solar cell devices with either planar or nanostructured 
rear contacts. 
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Figure 2.14. (a) Measured and (b) simulated photocurrent response spectra for the 
GaAs/In0.3Ga0.7As QW solar cell device with nanostructured rear contact under incident 
angles from 0
o
 to 30
o
. 
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Figure 2.15. (a)-(d) Representative plots of electric field distributions for the y-polarized 
light incident on the GaAs/In0.3Ga0.7As QW solar cell device surface at an angle of 10
o
 at 
wavelengths of 960nm and 990nm. (e) Simulated E.Q.E. spectrum for the 
GaAs/In0.3Ga0.7As QW solar cell device at 10
o
 of incidence. 
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Figure 2.16. Dispersion relations for (a) optical guided modes and (b) Fabry-Perot 
resonance modes. Symbols correspond to distinguishable peaks in the simulated E.Q.E. 
spectrum for the GaAs/In0.3Ga0.7As QW solar cell device with incident light polarized 
along the y-direction. 
 
 
2.3.3 Conclusion 
    In summary, we have designed, fabricated, and analyzed GaAs/In0.3Ga0.7As QW 
thin-film solar cells with planar and nanostructured rear contacts. With the integration of 
the nanostructured rear contact, sub-GaAs bandgap wavelength (> 900nm) absorption can 
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be substantially increased compared to the cell with planar rear metallic contact. As high 
as 2.9% per quantum well external quantum efficiency is achieved, significantly 
surpassing the 1% per quantum well external quantum efficiency typically observed. 
Light trapping mechanisms of nanostructured rear contacts have been studied under 
normal and off-normal conditions both numerically and experimentally, and angular 
dependences of Fabry-Perot resonance modes and optical guided modes have been 
clearly revealed. 
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Chapter 3: Integrated Optical Nanostructures on GaAs Solar Cells for 
Broad-Spectrum, Omnidirectional Improvement of Photovoltaic 
Performance 
3.1 MOTIVATION 
 A conventional optimized Al2O3/TiO2 bilayer thin-film antireflection coating is 
able to provide excellent antireflection performance under normal and small incident 
angles. [54] However, the antireflection performance generally degrades severely at very 
large incident angles. Figure 3.1 shows the experimental measurement results of 
transmittance of the conventional Al2O3/TiO2 bilayer thin-film antireflection coating 
under a coverglass with the incident angle varying from 0
o
 to 80
o
. At smaller incident 
angles (< 60
o
), we do not observe obvious degradation in the antireflection performance. 
Unfortunately, at larger incident angles (> 60
o
), a significant degradation in the 
antireflection performance is observed with the increasing incident angle. As a 
consequence, conventional bilayer thin-film antireflection coating does not meet the 
demand for most portable and mobile photovoltaic systems where sunlight energy 
harvesting over a broad range of incident angles is particularly desirable and solar 
tracking is not feasible. In order to improve the sunlight energy harvesting efficiency for 
portable and mobile photovoltaic systems, advanced photon management technologies 
need to be exploited.  
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Figure 3.1. Measured transmittance of bilayer Al2O3/TiO2 thin-film antireflection coating 
under coverglass for different incident angles.  
 
 
 
 
3.2 INTEGRATED OPTICAL NANOSTRUCTURES ON BULK MOCVD-GROWN GAAS 
SOLAR CELLS FOR BROAD-SPECTRUM, OMNIDIRECTIONAL PHOTOVOLTAIC 
PERFORMANCE IMPROVEMENT 
 
             In section 3.2, taking into account the polymer packaging sheet for real 
photovoltaic applications, we propose an antireflection strategy based on nanostructures 
fabricated on surfaces of both the bilayer Al2O3/TiO2 thin-film antireflection coating and 
the polyethylene terephthalate (PET) packaging sheet patterned via NSL. We 
demonstrate the optimization process for choosing structural dimensions of the integrated 
optical nanostructures, and reveal the physical mechanisms for the superior antireflection 
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performance achieved by such nanostructures. The integrated optical nanostructures are 
shown to be able to provide improved antireflection performance over wide ranges of 
incident angles and wavelengths for bulk MOCVD grown GaAs solar cells – Compared 
to the unpatterned cell, a 1.1× increase in Jsc, directly derived from E.Q.E. measurements, 
is observed for the cell integrated with optical nanostructures at normal incidence, and a 
1.67× increase in Jsc is observed at 80
o
 angle of incidence. Nanosphere lithography 
process is shown to provide a rapid, low-cost approach for patterning of subwavelength-
scale antireflection structures over cm
2
-scale areas. 
 
3.2.1 Experiment 
   Figure 3.2(a) shows a schematic diagram of a GaAs single-junction solar cell with 
a conventional Al2O3/TiO2 bilayer thin-film antireflection coating integrated with the 
Al2O3 nanoisland structure and moth-eye textured PET packaging sheet using a space-
grade encapsulant, together with the schematic refractive index profile. The Al2O3 
nanoisland structure and moth-eye textured PET sheet provide gradual transition in 
refractive indices at each key interface, and are anticipated to be able to provide 
improved antireflection performance over a wide range of incident angles. For the moth-
eye textured PET packaging sheet, 200nm diameter polystyrene spheres were deposited 
on planar PET sheet surface using NSL, resulting in a hexagonal sphere as a soft mask as 
shown in Figure 3.2(b). Then, the diameter of the polystyrene sphere array was reduced 
by reactive-ion etching, with 100sccm of oxygen at a pressure of 200mTorr and radio 
frequency power of 100W with etching time of 4min, resulting in the moth-eye 
nanostructure on the PET surface, consisting of arrays of tapered cylindrical pillars of 
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height ~ 400nm as shown in Figure 3.2(c)-(d). Figure 3.2(e) shows an SEM image of the 
fabricated moth-eye nanostructure on the PET substrate. Similarly, for the Al2O3 
nanoisland structure, a 1000nm diameter polystyrene sphere array was deposited on the 
cell surface employing NSL as shown in Figure 3.2(f), followed by the deposition of 
500nm of Al2O3 via e-beam evaporation as shown in Figure 3.2(g). Then, the lift-off 
process was performed in toluene solution under sonication for 10s, creating a hexagonal 
array of Al2O3 nanoislands of height ~ 150nm as shown in Figure 3.2(h). An SEM image 
of the resulting Al2O3 nanoisland structure is shown in Figure 3.2(i). 
    GaAs single-junction solar cells were grown by metallorganic chemical vapor 
deposition (MOCVD) at 100torr using Arsine (AsH3), Phosphine (PH3), Trimethylindium 
(TMI) and Trimethylgallium (TMG) as precursors with a V/III ratio > 50 on GaAs 
substrates. The resulting epi-layers consist of InGaP window and back surface (BSF) 
layers, a 3.5µm GaAs base layer with 2×10
17
cm
-3
 p-type doping, and a 0.1µm GaAs 
emitter layer with n-type doping in the range of 2×10
18
cm
-3
. 
    Numerical simulations were performed using the Rsoft Diffractmod software 
package (Rsoft Design Group, Inc., Ossining, NY, USA) and standard literature values 
for optical constants. [70] Incident light was assumed to be in the form of a plane wave 
impinging on the device surface. A simulated absorption spectrum was computed 
assuming optical absorption proportional to the square of the electric field amplitude, and 
the simulated E.Q.E. was computed assuming 100% efficiency in photo-generated carrier 
collection. 
             Optical transmittance measurements of moth-eye textured PET sheets were 
performed using collimated light from a halogen lamp spectrally resolved by a 
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monochromator based system from Optronic Laboratories with AC lock in detection. The 
monochromatic light was linearly polarized by a Glan-Thompson polarizer before 
reaching the device. Devices were mounted on a rotating stage, allowing measurements 
to be performed at angles of 0
o
 to 75
o
 and at wavelengths ranging from 400 nm to 1100 
nm. Photocurrent response spectra were measured at zero bias using the same 
monochromator system. The calculated Jsc for devices of each type under different 
incident angles was derived from E.Q.E. measurements weighted by the AM1.5G solar 
spectrum, given by Equation 3.1: 
1.5( ) I ( )sc AMJ e EQE d     ,        (3.1) 
where e is the electron charge magnitude, and IAM1.5() is the AM1.5G photon flux 
intensity. 
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Figure 3.2. (a) Schematic diagram of a polymer-packaged single-junction GaAs solar 
cell coated with conventional Al2O3/TiO2 bilayer thin-film antireflection coating with 
Al2O3 nanoisland structure and moth-eye textured PET packaging sheet by space-graded 
encapsulant, together with a schematic diagram of the refractive index profile. (b)-(d) 
Schematic diagrams of the process flow for fabricating moth-eye textured PET packaging 
sheet. (e) SEM image of fabricated moth-eye structure on PET substrate. (f)-(h) 
Schematic diagrams of the process flow for fabricating Al2O3 nanoislands. (i) SEM 
image of the fabricated Al2O3 nanoisland structure. 
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3.2.2 Optimization of moth-eye textured PET packaging sheets 
    In order to create the moth-eye textured PET packaging sheet that provides the 
optimum omnidirectional, broadband antireflection performance, we fabricated double-
side patterned moth-eye textured PET sheet with different heights. Figure 3.3(a) shows 
the measured optical transmittance as a function of the incident angle for an unpatterned 
PET sheet and double-side moth-eye textured PET sheet with D1 = 200nm, and different 
heights H1 varying from 300nm to 600nm under TE-polarized illumination. It is observed 
that moth-eye nanostructures with all heights show superior transmittance characteristics 
compared to that of the unpatterned PET sheet at the wavelength range of 400nm to 
1100nm and from incident angles from 0
o
 to 75
o
. Similar transmittance measurements 
were carried out for TM-polarized light as shown in Figure 3.3(b). For TM-polarized 
light, the dependence of transmittance on the incident angle is much weaker compared to 
that of TE-polarized light due to the high transmittance that occurs near Brewster’s angle. 
As a consequence, in this study we focus on comparing the transmittance characteristics 
of TE-polarized light. Figure 3.3(c) shows the transmittance measurements for 
unpatterned and moth-eye textured PET sheet under 0
o
 of incidence, and ~ 5% 
improvement in transmittance is observed for all moth-eye textured sheet compared to the 
unpatterned PET sheet. Figure 3.3(d) shows the transmittance measurements for 
unpatterned and moth-eye textured PET sheet at an incident angle of 75
o
. It is observed 
that the double-side moth-eye texture PET sheet with height H1 = 400nm shows the best 
transmittance performance compared to other geometries, with ~ 40% enhancement in 
transmittance near the wavelength of 600nm. This observation also suggests that the 
antireflection performance of moth-eye textured PET sheet saturates at certain height 
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since moth-eye textured PET sheet with even higher H1 show improved transmittance 
characteristics but of less magnitude compared to the moth-eye structure with H1 = 
400nm.  
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Figure 3.3. (a), (b) Transmittance measurements for the unpatterned and double-side 
moth-eye textured PET packaging sheet of various texturing depths with TE/TM-
polarized incident light. (c), (d) Transmittance measurements for the unpatterned and 
double-side moth-eye textured PET packaging sheet of various texturing depths at 
incident angles of 0
o
 and 75
o
 under TE-polarized light illumination. 
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3.2.3 Optimization of dielectric nanoisland structure 
 The moth-eye textured PET sheet is able to provide improved antireflection 
performance by effectively reducing the air/PET interface Fresnel reflection via the 
graded refractive index profile from air to the PET substrate. In order to further reduce 
the interface reflection between the encapsulant and the Al2O3 thin-film antireflection 
layer, Al2O3 nanoisland array structures were employed. Figure 3.4(a) shows schematic 
diagrams of single-junction GaAs solar cells coated with conventional Al2O3/TiO2 bilayer 
thin-film antireflection coating with and without Al2O3 nanoislands. Figure 3.4(b) shows 
the simulated GaAs cell absorption at normal incidence as a function of the incident 
wavelength and sphere diameter D2 for incident angles at θ = 0
o
 and 80
o
. The texturing 
height H2 is fixed at H2 = D2/2. At normal incidence (θ = 0
o
), the overall absorption is 
close to 100% for the entire range of D2, except for two minima observed at wavelengths 
between 310nm and 330nm, and between 370nm and 420nm. These absorption minima 
arise from Fabry-Perot resonances associated with the underlying Al2O3/TiO2 bilayer 
thin-film antireflection coating, and they play a less significant role in determining the 
cell’s overall photovoltaic performance since the E.Q.E. of the GaAs solar cell at these 
wavelengths is low, and the solar irradiance at these wavelengths is significantly lower 
than that at the visible wavelength range.   
    For the incident angle of 80
o
, the Al2O3 nanoisland structure plays a more 
important role in the cell’s overall photovoltaic performance. The maximum absorption is 
observed for D2 > 500nm, due to the improved transmittance at the encapsulant/Al2O3 
thin-film antireflection layer interface because of the graded refractive index profile of 
the Al2O3 nanoisland structure. In addition to the absorption minima observed at 
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wavelengths between 310nm and 330nm, and between 370nm and 420nm, additional 
straight interference patterns are observed for D2 > 500nm. Similar interference patterns 
are observed in the simulated transmittance for the Al2O3 nanoisland structure on bulk 
Al2O3 (as shown in the inset) for the incident angle θ = 80
o
, with interference line 
positions very close to those observed in the absorption contour map for structure (i) at 
the incident angle θ = 80o. These observations reveal that the physical origin of the 
interference pattern observed in the GaAs cell absorption contour map at the incident 
angle θ = 80o results from the Fabry-Perot interferences inside the Al2O3 nanoisland 
structure for certain combinations of wavelength and structural parameters. Hence, we 
conclude that for the optimized antireflection performance, the diameter/height of the 
Al2O3 nanoisland structure can be chosen in the range 500nm < D2 <1000nm, since even 
taller structures can only provide a limited degree of improvement, and those structures 
are impractical to fabricate. Figure 3.4(c) shows the measured E.Q.E. spectra for structure 
(i) with D2 = 1000nm (solid lines), and structure (ii) (dashed lines) under different 
incident angles. For smaller incident angles (θ < 80o), both structures show similar E.Q.E. 
spectra; while at larger incident angles (θ = 80o), the GaAs cell integrated with additional 
Al2O3 nanoisland structures shows improved antireflection performance over the entire 
wavelength range.  
 
3.2.4 Integrated optical nanostructures on bulk GaAs solar cells 
            Figure 3.5(a) shows schematic diagrams of single-junction GaAs solar cells with 
various antireflection configurations under comparison in this study, including (i) GaAs 
solar cell without Al2O3 nanoislands integrated with unpatterned PET packaging sheet; (ii) 
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GaAs solar cell with Al2O3 nanoislands integrated with unpatterned PET packaging sheet; 
(iii) GaAs solar cell without Al2O3 nanoislands integrated with double-side moth-eye 
patterned PET packaging sheet; and (iv) GaAs solar cell with Al2O3 nanoislands 
integrated with double-side moth-eye patterned PET packaging sheet. Figure 3.5(b) 
shows the measured E.Q.E. spectra for all four device types. Clearly, structures (ii), (iii) 
and (iv) show substantially improved E.Q.E. compared to the unpatterned cell (i), 
particularly at incident angles θ > 70o. Jsc calculated for cells with each configuration, 
derived from E.Q.E. measurements under different incident angles, is shown in Figure 
3.5(c). First, it is observed that structure (ii) shows similar Jsc compared to the reference 
structure (i) at small incident angles, and improved antireflection performance at large 
incident angles due to the graded refractive index profile at the encapsulant/Al2O3 
interface. This observation is consistent with our simulation results shown in Figure 3.4. 
Second, we observe that structure (iii) shows substantial improvement in Jsc over the 
entire range of incident angles compared to structrues (i) and (ii), which is due to the 
graded transition in refractive index from air to the PET packaging sheet substrate. 
Finally, it is observed that structure (iv), the GaAs solar cell with Al2O3 nanoisland 
structure and integrated with moth-eye textured PET packaging sheet, shows further 
improved Jsc compared to other structures over the entire range of incident angles. These 
measurement and calculation results demonstrate that our integrated optical 
nanostructures effectively reduce Fresnel reflection at each key interface in the fully 
packaged structure. Figure 3.5(d) shows the calculated ratio of Jsc of structure (iv) over 
that of structures (i), (ii) and (iii) with incident angles varying from 0
o
 to 80
o
. We observe 
that ~ 10% increase in Jsc at normal incidence, and ~ 67% increase in Jsc at 80
o
 incidence 
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is achieved for structure (iv) compared to the reference cell of structure (i). This 
observation suggests that our approach can be very promising in improving the solar cell 
efficiency for wide ranges of incident angles in various photovoltaic applications. 
3.2.5 Conclusion 
 We have demonstrated and analyzed the broadband, omnidirectional 
antireflection performance of single-junction GaAs solar cells combined with Al2O3 
nanoisland array structures and moth-eye textured PET packaging sheet, which shows 
substantial improvement in the calculated Jsc derived from E.Q.E. measurements under 
various incident angles compared to the reference cell without antireflective optical 
nanostructures. Transmittance measurements were carried out for moth-eye textured PET 
sheet with 200nm period and with various texturing depths. It is observed that structures 
with texturing depth of 400nm provide the optimum antireflection performance, 
maintaining > 90% transmittance at the wavelength range of 400nm to 1050nm at normal 
incidence, and maintaining > 70% transmittance at the wavelength range of 500nm to 
900nm at 80
o
 incidence. The choice of the dimension of the Al2O3 nanoisland structure is 
guided by detailed numerical simulation. Finally, calculated Jsc derived from E.Q.E. 
measurements shows that the single-junction GaAs solar cell with Al2O3 nanoislands 
integrated with a moth-eye textured PET packaging sheet yields ~ 10% increase in Jsc 
compared to the reference cell without antireflective optical nanostructures at normal 
incidence, and ~ 67% increase at 80
o
 incidence. This observation suggests that our 
approach is a highly promising antireflection strategy, scalable via low-cost 
manufacturing techniques, for various photovoltaic applications, especially for those in 
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concentrated photovoltaic systems or mobile solar systems where solar energy harvesting 
over wide ranges of incident angles and wavelengths are particularly desirable.  
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Figure 3.4. (a) Schematic diagrams of single-junction GaAs solar cells coated with 
conventional Al2O3/TiO2 bilayer thin-film antireflection coating with and without Al2O3 
nanoislands. (b) (Top) Simulated GaAs cell absorption at normal incidence for incident 
wavelengths from 300nm to 850nm with the sphere diameter D2 varying from 0nm to 
1500nm while fixing the nanoisland height H2 = D2/2. (Bottom) Simulated cell 
absorption for same structural parameters and the same wavelength range at 80
o
 
incidence. The incident light was polarized at 45
o
 to include the same amount of TE and 
TM polarizations simultaneously. (c) Measured E.Q.E. spectra for single-junction GaAs 
cells with and without Al2O3 nanoislands. 
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Figure 3.5. (a) Schematic diagrams of various integrated structures under comparison: (i) 
GaAs solar cell without Al2O3 integrated with conventional Al2O3/TiO2 bilayer thin-film 
antireflection coating. (ii) GaAs solar cell with Al2O3 nanoislands integrated with 
unpatterned PET packaging sheet. (iii) GaAs solar cell without Al2O3 nanoislands 
integrated with moth-eye textured PET packaging sheet. (iv) GaAs solar cell with Al2O3 
nanoislands integrated with moth-eye textured PET packaging sheet. (b) Measured E.Q.E. 
spectra for devices of all types. (c) Calculated Jsc for devices of each type, derived from 
E.Q.E. measurements weighted by AM1.5G solar spectrum. (d) Calculated Jsc ratio of 
structure (iv) over that of structures (i), (ii) and (iii) with the incident angle varying from 
0
o
 to 80
o
.  
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3.3 INTEGRATED OPTICAL NANOSTRUCTURES ON FLEXIBLE, EPITAXIAL LIFT-OFF 
(ELO) GAAS SOLAR CELLS FOR BROAD-SPECTRUM, OMNIDIRECTIONAL 
PHOTOVOLTAIC PERFORMANCE IMPROVEMENT 
 
In section 3.3, we further extend this approach to flexible, epitaxial lift-off (ELO) 
GaAs solar cells. We show that our integrated optical nanostructures provide a 
comparably good antireflection performance on flexible, ELO GaAs solar cells as that on 
bulk GaAs solar cells: compared to the unpatterned cell, a 1.09× increase in Jsc is 
observed for the cell integrated with optical nanostructures at normal incidence, while a 
1.52× increase in Jsc is observed at 80
o
 angle of incidence. Photovoltaic performance of 
our integrated optical nanostructures on flexible, ELO GaAs solar cells under different 
bending radii has been studied: the unpatterned cell yields a 9.7% decrease in Jsc under a 
moderate bending condition whilst the cell integrated with optical nanostructures yields a 
6.7% decrease in Jsc under the same bending condition. Additionally, the superior self-
cleaning properties of the moth-eye textured PET packaging sheet have been 
demonstrated.  
 
3.3.1 Epitaxial lift-off GaAs solar cells 
Over the last several years, the efficiency of III/V solar cells has increased 
significantly, [57, 58] and so has the demand for high efficiency III/V solar cells in 
various photovoltaic applications, such as in concentrated and mobile PV systems. 
However, one of the major factors limiting the large-scale deployment of III/V high 
efficiency solar cells is their cost. [59-61] The epitaxial lift-off technique, [62-65] which 
enables the separation of epitaxially-grown thin-film device layer from the substrates and 
reuse of the original growth substrates, effectively reduces the production cost for high 
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efficiency III/V solar cells and paves the way for integration of high efficiency III/V solar 
cells at large scale. 
 
Figure 3.6 Schematic diagram of the process flow for fabricating thin-film epitaxial lift-
off (ELO) cells. [66] 
 
Figure 3.6 shows the typical process flow for creating thin-film, flexible GaAs 
solar cells via epitaxial lift-off. The single-junction GaAs solar cell device layer is grown 
on GaAs substrates in reverse order, preceded by a thin AlGaAs release layer. Followed 
by a selective wet etching process, the thin-film device layer is then separated from the 
original growth substrate, and transferred to the handle layer for subsequent patterning 
processes.  
Other important advantages for ELO cells are the substantially reduced cell 
weight, and the superior flexibility that make them particularly suitable for space and 
portable photovoltaic applications. [67, 68] As a consequence, it is of essential 
importance to develop and integrate a broad-spectrum, omnidirectional antireflection 
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coating on flexible, ELO solar cells so that the cell efficiency can be improved over broad 
ranges of incident angles and wavelengths. 
 
3.3.2 Experiment 
GaAs single-junction solar cells for the epitaxial lift-off process were grown by 
MOCVD in the similar way as described in section 3.3.1, except that an additional 5nm 
AlAs release layer was grown between the epitaxial device layer and the GaAs substrate. 
The epitaxial lift-off process was performed via a procedure reported elsewhere. [69]  
Current-voltage characteristics were measured using a Newport Oriel 96000 solar 
simulator operating at 1-sun illumination with an airmass (AM) 1.5G filter. Photocurrent 
response spectra were measured at zero bias using a single-grating monochromator based 
system from Optronic Laboratories with AC lock in detection, under unpolarized light. 
The PET packaging sheet is used to attach to the cell substrate using a space-grade 
encapsulant. A home-made stretcher is used to bend the packaged ELO cells. 
 Figure 3.7(a) shows the schematic diagram of an ELO single-junction GaAs solar 
cell with conventional Al2O3/TiO3 thin-film bilayer antireflection coating integrated with 
Al2O3 nanoisland structure and double-side moth-eye textured PET packaging sheet, 
together with the refractive index profile. Figure 3.7(b)-(d) show key steps in fabricating 
the moth-eye textured PET packaging sheet: D1 = 200nm diameter PS spheres were 
deposited on the PET packaging sheet surface using the NSL process (Figure 3.7(b)), 
followed by reactive-ion etching with 100sccm of oxygen at a pressure of 200mTorr and 
radio frequency power of 100W for 4min (Figure 3.7(c)), resulting in the moth-eye 
textured surface (Figure 3.7(d)) with a nanostructure height H1 = 400nm. Figure 3.7(e)-(g) 
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show key steps in fabricating the Al2O3 nanoisland structure on ELO GaAs cell surface: 
D2 = 1000nm PS spheres were deposited on the cell surface using the NSL process 
(Figure 3.7(e)), followed by e-beam evaporation of 500nm Al2O3 (Figure 3.7(f)); a lift-
off process in toluene performed under sonication for 5s completed the fabrication 
process for the Al2O3 nanoislands (Figure 3.7(g)), with nanoisland height H2 ~ 150nm. 
Scanning electron microscope (SEM) images of the fabricated moth-eye textured PET 
sheet surface and Al2O3 nanoisland array are shown in Figure 3.7(h) and (i), respectively. 
With the gradual change in the refractive index at each key interface created by the 
double-side textured PET packaging sheet and Al2O3 nanoislands, the photovoltaic 
performance of the ELO GaAs cell is substantially improved over wide ranges of incident 
angles and wavelengths.  
  
3.3.3 Integrated optical nanostructures on flexible, ELO GaAs solar cells 
Figure 3.8(a) shows schematic diagrams of the three structures we are comparing 
in this study: (i) ELO single-junction GaAs solar cell with conventional Al2O3/TiO2 
bilayer antireflection coating integrated with unpatterned PET packaging sheet; (ii) ELO 
single-junction GaAs solar cell with conventional Al2O3/TiO2 bilayer antireflection 
coating integrated with double-side moth-eye textured PET packaging sheet; and (iii) 
ELO single-junction GaAs solar cell with conventional Al2O3/TiO2 bilayer antireflection 
coating integrated with Al2O3 nanoisland structure and double-side moth-eye textured 
PET packaging sheet. A photograph of the completely integrated ELO GaAs solar cell is 
shown in Figure 3.8(b). Figure 3.8(c) show the measured current-voltage characteristics 
for the each device under different incident angles, in which Jsc is calculated as the 
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measured current value divided by the total cell area ~1.1cm
2
. Compared to structure (i), 
structure (ii) shows substantially improved Jsc value over the entire range of incident 
angles thanks to the reduced Fresnel reflection at the air/PET interface via the moth-eye 
textured structure. Compared to structures (i) and (ii), structure (iii) shows further 
improved Jsc value over the entire range of incident angles, which demonstrates the 
effectiveness of these integrated optical nanostructures in improving cell’s light energy 
harvesting efficiency over a broad range of incident angles. Figure 3.8(d) shows the 
calculated Jsc ratio of the completely integrated structure (iii) over that of structures (i) 
and (ii). A 1.09× increase in Jsc is observed for the completed integrated structure (iii) 
compared to the structure (i) without optical nanostructures at normal incidence, and a 
1.52× increase in Jsc is observed at 80
o
 angle of incidence. 
 Figure 3.9(a)-(d) show the measured E.Q.E. for structures (i)-(iii) at incident 
angles of 0
o
, 60
o
, 70
o
, and 80
o
, in which the change in total illumination incident on the 
cell area at each incident angle is taken into account, so that E.Q.E. is calculated 
assuming that the incident light intensity does not change with the varying incident angle. 
For the creation of Al2O3 nanoisland structure studied in this set of measurements, we 
performed the fabrication process similar to that described in section 3.3.2, but instead of 
using PS spheres of 1000nm in diameter; we used PS spheres of 750nm in diameter, and 
subsequent e-beam evaporation of 375nm of Al2O3 instead of 500nm. Based on the 
numerical calculation reported elsewhere, [71] the optimal photovoltaic performance for 
the Al2O3 nanoisland structure is achieved for PS spheres of diameters greater than 
500nm, and the photovoltaic performance of the Al2O3 nanoisland structure differs very 
little with PS spheres of diameters greater than 500nm.  
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 Compared to the structure (i) which is without optical nanostructures, structure (ii) 
yields overall improved photovoltaic performance over the entire range of incident angles 
thanks to the reduced Fresnel reflection at the air/PET interface via the moth-eye textured 
structure. Note that at the incident angle of 80
o
, structure (ii) yields slightly decreased 
E.Q.E. compared to that of structure (i) at wavelengths > 740nm, which we attribute to 
fabrication imperfections. Structure (iii) yields very similar photovoltaic performance at 
incident angles of 0
o
, 60
o
, and 70
o
, and further improved photovoltaic performance at 80
o
 
angle of incidence compared to structure (ii). This observation demonstrates the 
effectiveness of this approach in boosting the photovoltaic performance of flexible, ELO 
solar cells over a broad range of incident angles.  
 Figure 3.10(a) shows the measured current-voltage characteristics for structures (i) 
and (iii) under AM1.5G, 1-sun illumination, under both flat and bent conditions. Figure 
3.10(b) shows that the flexible, ELO cells were bent using a home-made stretching 
apparatus, to a radius of curvature of ~3cm. It is observed that structure (i) yields a Jsc ~ 
16.20mA/cm
2
 at flat condition, and Jsc ~ 14.63mA/cm
2
 at bent condition, corresponding 
to a 9.7% reduction in Jsc from flat to bent condition. On the other hand, structure (iii) 
yields a Jsc ~ 18.14mA/cm
2
 at flat condition, and Jsc ~ 16.92mA/cm
2
, corresponding to a 
6.7% reduction in Jsc from flat to bent condition significantly smaller than that observed 
for structure (i). We attribute the improved Jsc of structure (iii) to the substantially 
improved transmission for TE polarized component of the incident light, [71] and the 
slightly decreased Voc values for both structures to the reduction in photocurrent density 
under bent condition. 
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3.3.4 Self-cleaning properties of moth-eye textured PET packaging sheet 
In real photovoltaic applications, cell efficiency tends to degrade with the 
accumulation of dust and contaminants in air on the cell surface, [72-75] which reduces 
cell’s optical absorption efficiency. Therefore, various approaches have been studied and 
reported to overcome this problem, including exploiting the hydrophobic properties of 
biomimetic surfaces. [76-78] It is observed that the moth-eye textured PET packaging 
sheet in this study yields surface hydrophobic properties comparable to those reported 
previously. [79, 80] Figure 3.11(a) and (b) show photographs of water droplets on a piece 
of moth-eye textured PET packaging sheet and a piece of unpatterned PET packaging 
sheet, respectively. The water droplet on the moth-eye textured PET packaging sheet has 
a contact angle of ~ 130
o
, significantly larger than that of the unpatterned planar PET 
packaging sheet which is ~ 64
o
. This observation suggests that self-cleaning behavior is 
another desirable attribute of the moth-eye textured PET packaging sheet in addition to 
the superior omnidirectional, broad-spectrum antireflection performance.  
  
3.3.5 Conclusion 
In conclusion, we have demonstrated a practical and effective antireflection 
strategy that can be readily implemented on flexible, ELO solar cells, which is able to 
provide superior broad-spectrum, omnidirectional antireflection performance. Flexible, 
ELO single-junction GaAs solar cells integrated with Al2O3 nanoisland structure and 
double-side moth-eye textured PET packaging sheet is observed to yield ~ 9% increase in 
Jsc at normal incidence compared to the cell without optical nanostructures, and ~ 52% 
increase in Jsc at 80
o
 angle of incidence. Current-voltage measurements for the completed 
 57 
optical nanostructures – integrated ELO cell and the ELO cell without optical 
nanostructures are performed at both flat and bent conditions. The ELO cell completely 
integrated with optical nanostructures yields a Jsc of ~ 18.14mA/cm
2
 at flat condition, and 
a reduction in Jsc of ~ 6.7% at bent condition; while the ELO cell without optical 
nanostructures yields  a Jsc of ~ 16.20mA/cm
2
 at flat condition, and a reduction in Jsc of ~ 
9.7% at bent condition. Additionally, self-cleaning properties of the moth-eye textured 
PET packaging sheet have been investigated and demonstrated. We anticipate that with 
more advanced fabrication techniques, such as roll-to-roll nanoimprint lithography, [81-
84] such approach can be employed for cells with much larger areas that can be 
implemented in various photovoltaic applications. 
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Figure 3.7. (a) Schematic diagram of a polymer-packaged GaAs solar cell coated with 
conventional Al2O3/TiO2 bilayer antireflection coating with Al2O3 nanoislands and 
integrated with double-side moth-eye textured PET packaging sheet by space-grade 
encapsulant, together with the refractive index profile. (b)-(d) Schematic diagrams of 
process flow for fabricating moth-eye structure on PET substrate using nanosphere 
lithography with polystyrene spheres (PS). (e)-(g) Schematic diagram of process flow for 
fabricating Al2O3 nanoisland structure on Al2O3/TiO2 bilayer antireflection coating. (h) 
SEM image of the completed moth-eye structure on PET substrate. (i) SEM image of the 
completed nanoisland structure. 
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Figure 3.8. (a) Schematic diagrams of various integrated structures under comparison. (b) 
Photograph of ELO GaAs solar cell integrated with flexible PET packaging sheet. (c) 
Measured Jsc for each integrated structure with incident angles varying from 0
o
 to 80
o
. (d) 
Calculated ratio for Jsc of integrated structure (iii) over that of structures (i) and (ii). 
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Figure 3.9. E.Q.E. measurements for structures (i)-(iii) at (a) 0
o
 angle of incidence; (b) 
60
o
 angle of incidence; (c) 70
o
 angle of incidence; and (d) 80
o
 angle of incidence. 
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Figure 3.10. (a) Current-voltage characteristics for structures (i) and (iii) measured under 
flat and bent conditions under AM1.5G, 1-sun illumination. (b) Photographs of flexible 
ELO cells under flat and bent conditions. 
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Figure 3.11. Photographs of a water droplet on (a) moth-eye textured PET packaging 
sheet, and (b) planar PET packaging sheet, along with the contact angles measured for 
each. 
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Chapter 4: High Efficiency GaAs/InGaAs Quantum Well Solar Cells 
with Bandgap Engineering Techniques 
4.1 MOTIVATION 
 Taking the trade-off in Voc and Jsc of a solar cell into account, studies show that in 
order to achieve the optimum cell efficiency, an ideal pn junction needs to have the 
bandgap to fall approximately between 1.3eV and 1.6eV. [85-87] The bandgap for GaAs 
falls squarely in this region, and energy conversion efficiency as high as 28.8% for 
single-junction GaAs solar cells has been reported recently. [88] The efficiency for pn 
junction solar cells can potentially be further improved by insertion of low-dimensional 
nanostructures, such as QWs, into the intrinsic region of the GaAs p-i-n solar cell 
structure, which extends the cell absorption into the sub-GaAs bandgap region. [28-32] 
As a consequence, QW solar cells are able to achieve higher Jsc compared to 
conventional pn GaAs solar cells. However, a decreased Voc is generally observed for 
QW solar cells as material defects can be introduced due to lattice mismatch, [89, 90] and 
carrier extraction efficiency can be lowered since QWs act as recombination centers for 
photo-generated carriers. [35-37, 91-93] In order to mitigate the reduction in Voc for QW 
solar cells, different band-edge profiles have been studied in previous reports, including 
using strain-balance techniques to minimize lattice relaxation during growth, [94, 95] and 
designing different band-edge energy profiles, such as stepped potential barriers in QW 
solar cells, to improve the photo-generated carrier extraction efficiency. [40] Figure 4.1(a) 
shows a typical QW solar cell epi-layer structure, and Figure 4.1(b) shows the associated 
band-edge energy profile together with the main carrier photo-carrier generation and 
recombination paths in the QW region. 
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Figure 4.1. (a) A typical QW p-i-n layer structure; (b) Band-diagram for a typical QW p-
i-n solar cell showing the photogeneration and recombination processes, together with the 
carrier capture and escape routes. [96] 
 
4.2 GAAS/INGAAS QUANTUM WELL SOLAR CELLS WITH BANDGAP-ENGINEERED 
GRADED QUANTUM WELL DEPTHS 
 
In this section, we demonstrate and analyze a bandgap engineering technique for 
thin-film p-i-n GaAs/InGaAs QW solar cells in which indium concentration in the QW 
region monotonically changes from 10% to 30% which achieves a much less reduced Voc 
while maintaining sufficiently high optical absorption in the sub-GaAs bandgap region. 
We demonstrate that for the GaAs/InGaAs QW solar cell with graded QW depths in the 
intrinsic region, photo-generated carrier concentration in the QW region can be 
effectively reduced at large forward bias, and both Voc and Jsc are increased compared to 
the QW cell with the same indium concentration but constant QW composition across the 
intrinsic region by engineering the band-edge energy profile of the QW region. For QW 
solar cells in this study, sub-GaAs bandgap wavelength absorption has been further 
improved by exploiting light trapping techniques, in which backscattering structures were 
fabricated via a nanosphere lithography process (NSL).  
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4.2.1 Experiment 
 
Epi-layer structures were grown by solid-source molecular beam epitaxy (MBE) 
on GaAs (001) undoped substrates shown schematically in Figure 4.2. A 200nm n-type 
GaAs buffer layer was grown for each sample, followed by an 800nm n-type (n ~ 
2×10
18
cm
-3
) Al0.85Ga0.15As etch stop layer, 20nm n-type (n ~ 6.5×10
18
cm
-3
) GaAs contact 
layer, and 30nm n-type (n ~ 3×10
18
cm
-3
) Al0.85Ga0.15As window layer. A 100nm n-type (n 
~ 3×10
18
cm
-3
) GaAs emitter layer was grown next, followed by an unintentionally doped 
layer consisting of either 134nm GaAs (structure (i)) or GaAs/InGaAs QW structures 
(structures (ii)-(v)) with a total intrinsic region thickness of 134nm. A 2000nm p-type 
(Be-doped, p ~ 5×10
17
cm
-3
) GaAs base layer, a 100nm p-type (p ~ 1×10
18
cm
-3
) 
Al0.2Ga0.8As back surface field layer and a 20nm thick p-type (p ~ 5×10
18
cm
-3
) GaAs 
contact layer then completed each epitaxial layer structure. The growth temperature was 
kept above 500
o
C throughout. For intrinsic GaAs, the background doping concentration 
from impurities in the chamber is below the threshold of Hall measurements, and is 
therefore estimated to be below 10
15
cm
-3
. Band-edge energy diagrams of QW cell 
structures in this study were calculated using a 1D Poisson solver, [97] with constant 
separation of electron and hole quasi-fermi levels (QFL) throughout the intrinsic region 
assumed.  
Current-voltage characteristics were measured using normally incident light from 
a Newport Oriel 96000 solar simulator operating at 1-sun illumination with an airmass 
(AM) 1.5G filter. Photocurrent response spectra were measured at zero bias using a 
single grating monochromator based system from Optronic Laboratories with AC lock in 
detection. 
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Figure 4.2. Schematic diagram of epitaxial layer structures for (i) GaAs homojunction 
cell structure; (ii) GaAs/In0.1Ga0.9As QW cell structure; (iii) GaAs/In0.18Ga0.82As QW cell 
structure; (iv) GaAs/In0.3Ga0.7As QW cell structure; (v) graded QW cell structure. Active 
device layers, etch stop layers, and substrate/buffer layers labeled for each correspond to 
similarly labeled sample layers in Figure 4.3. 
 
 
 Key steps in the device fabrication process flow are illustrated in Figure 4.3(a)-(d). 
A 100nm SiO2 layer was e-beam evaporated onto the epi-grown p
+
-GaAs surface, 
followed by patterning using the NSL process, in which 500nm diameter polystyrene 
spheres were deposited on the SiO2 surface in a hexagonal array using a Langmuir-
Blodgett process (Figure 4.3(a)). [47] Reactive-ion-etching was used to shrink the sphere 
diameter from 500nm to 250nm, followed by deposition of 15nm Cr, a lift-off process in 
toluene under sonication, and then reactive-ion-etching of the SiO2 layer with a CF4/O2 
gas mixture (Figure 4.3(b)). 10nm Cr/40nm Au/1200nm In metallization was then 
deposited to form the nanostructured rear contact (Figure 4.3(c)). Then, using a home-
built wafer-bonding apparatus, the cell structure was flip-bonded to a silicon substrate on 
which 10nm Cr/800nm Au had previously been deposited by e-beam evaporation. Finally, 
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substrate removal and mesa etching processes were employed to create 1mm × 1mm and 
2mm × 2mm device mesas on the silicon supporting substrates, and the devices were 
coated with a 76nm silicon nitride antireflection coating (Figure 4.3(d)). Additional 
details regarding the thin-film device fabrication process have been reported elsewhere. 
[17, 53, 98] 
 
Figure 4.3. Key steps in process flow for fabrication of complete thin-film solar cell 
devices integrated with nanostructured metal/dielectric rear contacts bonded onto silicon 
substrates. (a) 100nm SiO2 layer was e-beam evaporated onto the cell surface, followed 
by a NSL process, in which a hexagonal array of 500nm diameter polystyrene spheres 
was created on the SiO2 surface. (b) A Cr hard mask was created after polystyrene sphere 
diameter shrinking using reactive-ion-etching, followed by e-beam evaporation of 15nm 
Cr, and a lift-off process in which polystyrene spheres were dissolved in toluene under 
sonication. (c) The nanostructured rear contact was formed by e-beam deposition of 
10nm Cr/40nm Au/1200nm In metallization. (d) The cell structure was flip-bonded to a 
silicon substrate on which 10nm Cr 800nm Au metallization had previously been e-beam 
deposited, and 1mm × 1mm and 2mm × 2mm device mesas were created after a substrate 
removal and mesa etching process, and coated with a 76nm silicon nitride antireflection 
coating. 
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4.2.2 Simulation and measurement results 
 
The key idea for the graded GaAs/InGaAs QW solar cell structure design is that it 
enables increased separation of the electron QFL from the QW conduction band-edge at 
large forward bias, resulting in a substantially reduced photo-generated carrier density 
inside QWs at forward bias, and consequently increased Voc and the operating voltage for 
maximum power output. At the same time, for the graded QW cell structure, the QW 
barriers can be much thinner compared to those in reference QW cells while remaining 
below the critical thickness for strain relaxation so that photo-generated carrier tunneling 
is facilitated.  
 Figure 4.4(a) shows the band-edge energy profile for the GaAs/In0.1Ga0.9As QW 
cell under a forward bias of 0.8V computed using a 1D Poisson solver. It is expected that 
if there exists a significant overlap of the electron QFL with the QW conduction band-
edge, the photo-generated carrier collection efficiency will be greatly reduced due to the 
high concentration of photo-generated carriers inside the QWs, and a Voc as high as 0.8V 
cannot be maintained. For the GaAs/In0.1Ga0.9As QW cell, which has the set of QWs with 
shallowest QW depths, a small overlap of the electron QFL with the InGaAs QW 
conduction band-edge is observed. However, it is relatively a minor factor in determining 
the cell’s Voc due to the lower electronic density of states in the conduction band of 
GaAs/In0.1Ga0.9As QWs compared to QWs in other cells under this study with higher In 
concentration. Figure 4.4(b) and (c) show the computed band-edge energy profile for 
GaAs/In0.18Ga0.82As and GaAs/In0.3Ga0.7As QW cells under a forward bias of 0.8V via 
1D Poisson solver. A large overlap of the electron QFL with the QW conduction band-
edge is observed for both structures, indicating that at a forward bias of 0.8V, a 
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significant concentration of photo-generated carriers is trapped inside QWs instead of 
being extracted, which will result in a degraded Voc. Figure 4.4(d) shows the computed 
band-edge energy profile for the QW cell structure with graded QW depths at a forward 
bias of 0.8V via 1D Poisson solver. The electron QFL is clearly well below the QW 
conduction band-edge, which ensures that a low photo-generated carrier concentration is 
trapped inside the QWs instead of being extracted at this forward bias. Note that with 
regard to carrier concentrations inside QWs, the assumption that the electron QFL stays 
constant across the intrinsic region is essentially the most conservative assumption, and 
the actual carrier concentration in the QWs can be lower. [99-101] On the other hand, the 
graded QW design enables the electron QFL to stay well below the QW conduction band-
edge, resulting in reduced QW carrier concentration at large forward bias voltages. In this 
study, the average indium concentration for the graded QW cell structure is taken to be 
18%, and is calculated by averaging the QW compositions weighted by the thickness of 
each QW: 
                               
                               
               
 ,                                (4-1) 
which is a more conservative estimate compared to simply averaging over the indium 
concentration of each QW, which would then yield 20% as the average indium 
concentration.  
 Figure 4.5(a) shows the measured current density-voltage characteristics for the 
GaAs p-i-n homojunction cell and GaAs/InGaAs QW cells under AM1.5G, 1-sun 
illumination. Figure 4.5(b) shows the measured external quantum efficiency (E.Q.E.) for 
the full set of devices, including the GaAs homojunction cell and GaAs/InGaAs QW cells 
integrated with nanostructured rear contacts. The GaAs/In0.3Ga0.7As QW cell yields the 
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highest E.Q.E. at wavelengths in the sub-GaAs region where optical absorption primarily 
occurs in the QW region, but also shows the largest degradation in Voc among this set of 
devices. The graded QW cell shows slightly lower E.Q.E. in the sub-GaAs bandgap 
region compared to the GaAs/In0.3Ga0.7As cell, but substantially higher E.Q.E. compared 
to other reference cells, which maintains E.Q.E. larger than 4% up to 980nm, 
significantly exceeding the 1% per QW level typically observed. Here we note that 
because of the strong excitonic absorption near the QW absorption edge, [102] combined 
with strong coupling of incident light into optical waveguide modes in the thin-film 
semiconductor layer at ~ 930nm, the measured E.Q.E. in this wavelength range, as well 
as the measured Jsc for the GaAs/In0.1Ga0.9As QW cell, is unusually high compared to 
those for other QW cells in this study. These observations are consistent with predictions 
derived from 1D Poisson calculations. 
 Figure 4.6(a) and (b) show the measured Voc and Jsc for the full set of devices 
versus the QW indium content in each device, respectively. For the graded QW cell, the 
QW indium concentration is taken to be the average In concentration in the four QWs 
present in the device. A steady decrease in Voc from 0.92V to 0.52V is observed with 
increasing the QW concentration in the QW cells for the GaAs homojunction, 
GaAs/In0.1Ga0.9As QW cell, GaAs/In0.18Ga0.82As QW cell, and the GaAs/In0.3Ga0.7As QW 
cell. This trend observed in this study is consistent with others reported elsewhere. [103, 
104] Similarly, a slight decrease in fill factor is observed for increasing the In 
concentration in QW solar cells. [34, 90] For the measurements in Figure 4.6(a), the fill 
factors are 76.9% for the GaAs homojunction reference cell, 71.3% for the 
GaAs/In0.18Ga0.82As QW cell, and 63.7% for the GaAs/In0.3Ga0.7As QW cell. Compared 
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to the GaAs/In0.18Ga0.82As QW cell which has the average In concentration in the QWs, 
the graded cell has a slightly higher fill factor of 73.8%. In addition, the graded QW cell, 
with an average 18% In concentration in the QWs, shows both improved Voc (70mV 
increase) and Jsc (0.21mA/cm
2
 increase) compared to the GaAs/In0.18Ga0.82As QW cell. 
We see that the graded QW cell structure enables Voc and Jsc, simultaneously, to surpass 
the trend lines observed for GaAs/InGaAs QW cells with constant In concentration in the 
QWs. 
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Figure 4.4. 1D Poisson simulation results of band-edge energy diagrams of (a) 
GaAs/In0.1Ga0.9As QW cell structure; (b) GaAs/In0.18Ga0.82As QW cell structure; (c) 
GaAs/In0.3Ga0.7As QW cell structure; and (d) graded QW cell structure at a forward bias 
of 0.8V. Grey areas indicate regions that electron QFL stays above the QW conduction 
band-edge. 
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Figure 4.5. (a) Current density-voltage characteristics measured under AM1.5G, 1-sun 
illumination from a solar simulator for the GaAs p-i-n homojunction cell and 
GaAs/InGaAs QW cells with nanostructured rear contacts. (b) Measured photocurrent 
response spectra of devices of each type. 
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Figure 4.6. (a) and (b) Measured Voc and Jsc versus the QW indium content of each cell, 
respectively.  
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4.3 Conclusion 
 
We have demonstrated a bandgap engineering strategy for GaAs/InGaAs thin-
film QW solar cells with graded QW depths, which is shown to increase both Voc and Jsc 
compared to a QW solar cell with constant QW composition at the same average 
composition as the QW solar cell with graded QW depths. 1D Poisson calculations show 
that for the QW solar cell with graded QW depths, the electron QFL stays well above the 
QW conduction band-edge at a forward bias near its Voc compared to other QW solar 
cells in this study, which ensures a low concentration of photo-generated carrier density 
inside QWs at this forward bias. Measurements show that Voc of the GaAs homojunction 
solar cell and QW solar cells decrease significantly with increasing the indium content in 
QWs, while the graded QW solar cell, with an average indium concentration of 18% in 
the QWs, yields both improved Voc and Jsc compared to the GaAs/In0.18Ga0.82As QW 
solar cell. The integration of backside light scattering structures helps further increase the 
sub-GaAs bandgap wavelength absorption, where absorption primarily occurs in the QW 
region. It is observed that the for the graded QW solar cell, the absorption extends up to 
1050nm, and maintains a greater than 1% E.Q.E. per QW up to 980nm. Thus, this 
approach shows promise for further improving the performance of QW solar cells, 
particularly for those with deep QWs, in terms of maintaining both high Voc and Jsc 
values under solar illumination. We anticipate that the Voc of QW solar cells with graded 
QW depths can be further improved by thinning the QW barriers or employing other 
strategies to further increase the photo-generated carrier extraction efficiency via increase 
photo-generated carrier tunneling transport. This approach may be implemented in more 
complex QW systems, such as ternary or quaternary QW systems, where large 
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conduction and valence band offsets can be simultaneously achieved by adjusting the 
QW material composition to further increase the range of absorbed wavelengths while 
maintaining a minimal reduction in Voc. 
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Chapter 5: Conclusions and Future Work 
 This dissertation has covered various areas of research in photovoltaic 
technologies, including light trapping strategies in thin-film III/V solar cells via light 
scattering nanostructures created on the front and back side of photovoltaic devices; 
integrated optical nanostructures for broad-spectrum, omnidirectional antireflection 
performance in bulk and thin-film III/V solar cells; and novel bandgap engineering 
strategies for thin-film GaAs/InGaAs quantum well solar cells. 
 Chapter 2 summarizes a series of works on designing, modeling, and creating 
metal/dielectric light scattering nanostructures on the front and back side of thin-film 
GaAs/In0.3Ga0.7As quantum well solar cells. In the study of TiO2 nanoisland structures 
created on the surface of thin-film GaAs/In0.3Ga0.7As quantum well solar cells, 
improvements in both antireflection performance and the quantum well sub-GaAs 
bandgap photon absorption are achieved thanks to the light scattering properties of the 
TiO2 nanoisland structure. From experimental measurements, it is observed that the thin-
film GaAs/In0.3Ga0.7As QW solar cell with nanostructured TiO2 antireflection coating 
yields ~ 5.8% increase in Jsc compared to the same device but with conventional single-
layer silicon nitride thin-film antireflection coating. From the analysis of electric field 
distributions, it is revealed that absorption peaks in the sub-GaAs bandgap region are 
either associated with Fabry-Perot resonances or optical guided modes. In the study of 
metal/dielectric light scattering structures on the back side of thin-film GaAs/In0.3Ga0.7As 
quantum well solar cells, as high as 2.9% per quantum well external quantum efficiency 
is achieved, significantly surpassing the 1% per quantum well external quantum 
efficiency typically observed. In addition, light trapping mechanisms of nanostructured 
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rear contacts have been studied under normal and off-normal conditions both numerically 
and experimentally, and angular dependences of Fabry-Perot resonance modes and 
optical guided modes have been clearly revealed. Possible future works could emphasize 
1) Optimization and experimental realization of combined front and back side light 
scattering structures on thin-film III/V quantum well solar cells, and 2) realization of light 
scattering structures on thin-film solar cells with different materials, such as a-Si:H or nc-
Si. 
 Chapter 3 summarizes a series of works on advanced antireflection strategies on 
bulk and thin-film flexible, epitaxial lift-off GaAs solar cells via integrated optical 
nanostructures. In the study of integrated optical nanostructures on bulk single-junction 
GaAs solar cells, analysis optimization processes for structural feature sizes of double-
side moth-eye textured PET packaging sheet and Al2O3 nanoisland structure have been 
demonstrated. From transmittance measurements for moth-eye textured PET packaging 
sheet of 200nm period with different texturing depths, it is observed that structures with 
texturing depth of 400nm provide the optimum antireflection performance, maintaining > 
90% transmittance at the wavelength range of 400nm to 1050nm at normal incidence, and 
maintaining > 70% transmittance at the wavelength range of 500nm to 900nm at 80
o
 
incidence. From detailed numerical simulation, it is known that the optimum 
antireflection performance of Al2O3 nanoisland structure is achieved with PS spheres 
with diameters greater than 500nm, and the antireflection performance differs very little 
with sphere diameters greater than 500nm. Calculated Jsc derived from E.Q.E. 
measurements shows that the single-junction GaAs solar cell with Al2O3 nanoislands 
integrated with a moth-eye textured PET packaging sheet yields ~ 10% increase in Jsc 
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compared to the reference cell without antireflective optical nanostructures at normal 
incidence, while ~ 67% increase at 80
o
 incidence is observed. In the study of integrated 
optical nanostructures on flexible, epitaxial lift-off GaAs solar cells, GaAs solar cells 
integrated with Al2O3 nanoisland structure and double-side moth-eye textured PET 
packaging sheet is observed to yield ~ 9% increase in Jsc at normal incidence compared 
to the reference cell without optical nanostructures, and ~ 52% increase in Jsc at 80
o
 angle 
of incidence. Current-voltage characteristics for the GaAs cell integrated with optical 
nanostructures and the reference cell without optical nanostructures under both flat and 
bent conditions have been measured. It is observed that the epitaxial lift-off cell 
completely integrated with optical nanostructures yields a Jsc of ~ 18.14mA/cm
2
 at flat 
condition, and a reduction in Jsc of ~ 6.7% at bent condition; while the epitaxial lift-off 
reference cell without optical nanostructures yields  a Jsc of ~ 16.20mA/cm
2
 at flat 
condition, and a reduction in Jsc of ~ 9.7% at bent condition. In addition, superior self-
cleaning properties of moth-eye textured PET packaging sheet have been demonstrated. 
Possible future work could emphasize implementing this advanced antireflection strategy 
on a larger scale via approaches such as roll-to-roll nanoimprint lithography technique.  
 Chapter 4 summarizes the study of novel bandgap engineering strategies on 
GaAs/InGaAs quantum well solar cells with graded quantum well depths. 1D Poisson 
calculations show that for the QW solar cell with graded QW depths, the electron QFL 
stays well above the QW conduction band-edge at a large forward bias near its Voc 
compared to other reference QW solar cells, which ensures a low concentration of photo-
generated carrier density inside QWs at this forward bias. Experimental measurements 
show that the quantum well solar cell with graded quantum well depths yields both 
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improved Jsc (0.21mA/cm
2
) and Voc (70mV) compared to the GaAs/In0.18Ga0.82As 
quantum well solar cell which has the same average indium concentration in the quantum 
well region as the graded quantum well solar cell. Possible future works could emphasize 
1) Further optimization of the graded quantum well structure, such as facilitating the 
tunneling transport of photo-generated carriers by thinning the quantum well barriers via 
strain-balance techniques, and 2) applying this idea to more complex quantum well 
systems where large conduction and valence band offsets can be simultaneously achieved 
by adjusting the quantum well material composition.  
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